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METHOD AND SYSTEM FOR
AUTOMATICALLY PREVENTING
DEADLOCK IN MULTI-ROBOT SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation-in-part of the co-pending,
U.S. patent application Ser. No. 12/124,430 filed May 21,
2008.

This application claims the benefit of U.S. provisional
patent application Ser. No. 61/482,808 filed May 5, 2011.

FIELD OF THE INVENTION

The present mvention relates generally to a system for
controlling a plurality of robots and a method for controlling

motion interierence avoidance for the plurality of robots.

BACKGROUND OF THE INVENTION

Movement of objects 1n space 1s a necessary task in a
typical manufacturing environment. Robotics have increas-
ingly been employed to effect the necessary movement. How-
ever, when multiple objects are being moved, a potential for
interference between the objects exists. An iterference exists
if the at least two objects share the same space at the same
time, such as when the objects have the same coordinates with
respect to a common frame of reference.

As modern industrial robots move at considerable veloci-
ties, interferences between robots can result 1n a collision and
undesirable damage to the robots and work pieces being
handled by the robots. The collisions may lead to costly down
time 1n the manufacturing process. Accordingly, 1t 1s desir-
able to avoid such collisions.

Prior art systems and methods have been used 1n an attempt
to minimize interferences and collisions. However, there are
several shortcomings of the prior art systems and methods.
Typically, atool center point (1TCP) 1s only checked relative to
a predetermined interference area or “‘static space”. For mul-
tiple robots, 1t 1s difficult to directly or effectively prevent the
collision or interference thereol. Further, 1t 1s difficult to
specily an interference space 1n respect of a static coordinate
system for multiple moving robots. Any 1nterference space 1s
not only a function of the robot motion path, but also a
function of the motion speed. Difliculty also exists 1n attempit-
ing to handle a deadlock situation when two or more robots
request to move to a common space at the same time.

Prior art systems also attempt to prevent a TCP for a robot
from colliding 1n a fixed space relative to 1ts world coordinate
system. When multiple robots (with multiple controllers)
share common or “interference” spaces during a task execu-
tion, each controller has to wait until no robot 1s 1n the com-
mon spaces. Then the controller can then 1ssue the motion
control commands to allow the robot to move. This process 1s
also called a “wait and move” process, which generally
increases working cycle time. However, 1t 1s difficult to effec-
tively specily an interference space 1n terms of a fixed coor-
dinate system, because the interference space 1s not only the
function of the robot motion path but also the motion speed.
When more than one robot requests to move to a common
space at the same time, 1t creates a deadlock situation where
none of the robots can move because they are waiting for one
another.

Prior art systems also attempt to model the robot by spheres
and cylinders. These systems predict a future location of the
robot during motion 1n real time. Because these systems do
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2

not determine the accumulated space occupied by the robot
over time, these systems must perform comparison frequently
during the robot motion. These systems compare element by
clement the models of all robots 1n the workcell. This com-
parison 1s very expensive computationally and the cost grows
exponentially as the number of robots and elements used to
model a robot and tooling 1s increased. Since the comparison
1s done real time when an impending collision 1s detected
these systems generally must stop all robots involved 1n the
impending collision and automatic programmed operation
must cease. These systems become more difficult when the
robots reside on different controllers because they require
large amounts of information to be communicated real-time
between controllers. Prior art systems also attempt to utilize
I/O handshaking mechanism for mterference avoidance. In
present invention, there 1s no need for I/O PLC.

One known system and method 1s disclosed 1n Assignee’s
copending International Application No. PCT/US2007/
066638, hereby incorporated herein by reference in 1ts
entirety. The system and method includes a “dynamic space
check™ system wherein an efficiency of robot operation 1s
maximized and a potential for interference or collision of
multiple robots 1s minimized. Robots controlled by each con-
troller only work on a user-defined dynamic space, thus
avoiding collision. However, the dynamic space check sys-
tem generally protects a TCP only against a user-defined
rectilinear space.

Another known method for avoiding robot collisions 1s
reported 1n U.S. Pat. No. 5,150,452 to Pollack et al. The
method 1includes creating a collision map containing a desired
robot move. The mitial position of the desired robot 1s
removed from a “world” map by combiming the robot map
and the world map 1n a logical exclusive-OR operation and
thereaiter combining the collision map and the world map in
a local exclusive-OR operation followed by combining the
collision map and the world map in a logical inclusive-OR
operation 1n a byte-by-byte manner. A collision 1s indicated
by a difference in any bit position of the inclusive- and exclu-
stve-OR combinations. The method provides a two dimen-
sional x-y projection and one dimensional height for collision
detection, but does not allow for three-dimensional, real time
collision detection.

A Turther known method for detecting a collision between
a robot and one or more obstacles before 1t occurs 1s described
in U.S. Pat. No. 3,347,459 to Greenspan et al. The robot 1s
modeled by spheres in a voxelized workspace. Each voxel
within the workspace 1s assigned a value which corresponds
to 1ts distance from the closest obstacle. A collision 1s deter-
mined to be imminent if the voxel value at the center of a
sphere 1s less than the radius of other sphere 1n voxels. The
method merely protects a single robot arm, however. The
robot 1s also modeled by spheres only, thereby resulting in
insuificient protection of critical process paths of the robots.

There 1s a continuing need for a system and method for
controlling motion interference avoidance for a plurality of
robots. Desirably, the system and method provides a three
dimensional and real time collision detection, communica-
tion of robotic motions to the robotic system in advance,
reservation of programmed trajectories without collision, and
protection of critical process paths.

Deadlock conditions occur when the programs or tasks are
in such a state that continued sequential execution of any of
the programs or tasks will result 1n interference between one
or more robots associated with the programs or tasks and that
there 1s no program or task that can proceed 1n the sequential
manner without interference.
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U.S. Pat. No. 7,114,157 to Chaflee et al. describes a
method to avoid deadlock by acquiring resources 1 a set

order. While this method can avoid deadlock, 1t provides no
capability of allowing operation if the set deadlock-1ree order
has not been determined. Furthermore, it does not allow
operation that may be deadlock-1ree 11 the requested order 1s
outside the prescribed deadlock-iree order.

U.S. Patent Application Publication No. 2009/0326711 to
Chang et al. describes a method of utilizing automatic zones
to avoild deadlock either automatically or manually. Chang
suggests a method of using priority values to prevent dead-
lock. Chang does not suggest a method of preventing dead-
lock where priority values are not used.

SUMMARY OF THE INVENTION

In concordance with the instant disclosure, a system and
method for controlling motion iterference avoidance for a
plurality of robots, wherein the system and method provides
a three dimensional and real time collision detection, com-
munication of robotic motions to the robotic system in
advance, reservation of programmed trajectories without col-
lis1on, and protection of critical process paths without utiliz-
ing I/0 handshaking mechamism, 1s surprisingly discovered.

In one embodiment, a method for preventing deadlock of a
pair of robots which have a common workspace, each of the
robots being controlled by an associated program wherein
when the programs are executed concurrently each of the
robots occupies at least a portion of the common workspace
during a portion of execution of the associated program, said
method comprising the steps of: during concurrent execution
of the programs 1dentifying portions of the common work-
space occupied by the robots; identifying at least one inter-
ference region wherein the portions of the common work-
space overlap; analyzing the at least one interference region
and 1dentifying where at least one deadlock condition of the
two robots can occur; and avoiding the at least one deadlock
condition during execution of the programs by automatically
determining and executing at least one deadlock-iree motion
statement prior to execution of any motion of the robots that
results 1n the at least one deadlock condition.

In a further embodiment, a computer readable media con-
taining instructions executable by a computer to perform a
method for preventing deadlock of a pair of robots which have
a common workspace, each of the robots being controlled by
an associated program wherein when the programs are
executed concurrently each of the robots occupies at least a
portion of the common workspace during a portion of execu-
tion of the associated program, the method comprising: dur-
ing concurrent execution of the programs, the instructions
identifying portions of the common workspace occupied by
the robots; the instructions identifying at least one interfer-
ence region wherein the portions of the common workspace
overlap; the mstructions analyzing the at least one interfer-
ence region and 1dentifying where at least one deadlock con-
dition of the two robots can occur; and the 1instructions avoid-
ing the at least one deadlock condition during execution of the
programs by automatically determining and executing at least
one deadlock-1ree motion statement prior to execution of any
motion of the robots that results 1n the at least one deadlock
condition.

In another embodiment, a method for preventing deadlock
of a plurality of robots which have a common workspace,
cach of the robots being controlled by an associated program
wherein when the programs are executed concurrently each
ol the robots occupies at least a portion of the common work-
space during a portion of execution of the associated pro-
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gram, said method comprising the steps of: during concurrent
execution of the programs 1dentifying portions of the com-
mon workspace occupied by the robots; 1dentifying at least
one interference region wherein the portions of the common
workspace overlap for at least two of the robots; analyzing the
at least one interference region and 1dentitying where at least
one deadlock condition of the at least two robots can occur;
and avoiding the at least one deadlock condition during
execution of the programs by automatically determining and
executing at least one deadlock-1ree motion statement prior to
execution of any motion of the at least two robots that results
in the at least one deadlock condition.

The system and method according to the invention does not
require a previously known deadlock-free sequence. This
system and method will automatically determine the potential
deadlock conditions and 1dentily a way to avoid these condi-
tions. This system and method does not require priority values
to prevent deadlock. This system and method prevents inter-

ference conditions and at the same time prevents the possi-
bility of deadlock conditions to exist.

DESCRIPTION OF THE DRAWINGS

The above, as well as other advantages of the present
invention, will become readily apparent to those skilled 1n the
art from the following detailed description of a preferred
embodiment when considered 1n the light of the accompany-
ing drawings in which:

FIG. 1 shows an exemplary robotic system according to the
present disclosure, having a first robot and a second robot
operating within a workcell;

FIG. 2 1s a process tlow diagram depicting an interference
check automatic zone method according to the present dis-
closure;

FIG. 3 shows a voxelized model of one of the first robot and
the second robot depicted i FIG. 1;

FIG. 4 1s an 1sometric view ol the voxelized model depicted
in FI1G. 3;

FIG. 5 shows an enlarged view of one of the first robot and
the second robot depicted in FIG. 1, having a voxelized model
formed by voxelized spheres and cylinders overlayed on one
of the first robot and the second robot;

FIG. 6 shows the voxelized spheres and the voxelized
cylinders depicted in FIG. 5 formed from a plurality of vox-
els:

FIG. 7 shows a deadlock free matrix and associated pro-
gram listings according to the invention;

FIG. 8 shows an interference matrix and associated pro-
gram listings according to the 1nvention;

FIG. 9 shows paths and associated tables combining mul-
tiple deadlock regions into a single deadlock free region;

FIG. 10 shows several robot program execution sequences
without and with deadlock prevention according to the mnven-
tion;

FIG. 11 1s a flow diagram of a deadlock avoidance
sequence 1n accordance with the invention; and

FIG. 12 1s a flow diagram for determining potential dead-
lock regions 1n accordance with the ivention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The following description 1s merely exemplary 1n nature
and 1s not intended to limait the present disclosure, application,
or uses. It should be understood that throughout the drawings,
corresponding reference numerals also indicate like or corre-
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sponding parts and features. In respect of the methods dis-
closed, the steps presented are exemplary 1n nature, and thus,
are not necessary or critical.

FIG. 1 1s a schematic diagram showing a robotic system 2
for controlling collision avoidance between multiple robots.
As nonlimiting examples, the robotic system 2 may be one of
a body shop robot system, a waterjet cutting robot system, a
laser welding robot system, an arc welding robot system, and
a paint robot system having at least two robots. Other robotic
systems 2 having a plurality of robots may also be employed,
as desired.

The robotic system 2 includes a work cell 4 defining an
envelope within which a first robot 6 and a second robot 8 are
configured to operate. The first robot 6 and the second robot
8 are configured to selectively occupy at least one common
space 10 disposed within the work cell 4. Although only a first
robot 6 and a second robot 8 are illustrated, it should be
appreciated that the robotic system 2 may have more than two
robots without departing from the scope and spirit of the
disclosure.

The first robot 6 may occupy a first portion 12 of the
common space 10 during a movement of the first robot 6
along a first programmed path. The second robot 8 may
occupy a second portion 14 of the common space 10 during a
movement of the second robot 8 along a second programmed
path. The first and second portions 12, 14 are also known as
“automatic zones” or “autozones”. Each programmed path
comprises one or more automatic zones, and each automatic
zone 1s pre-processed and derived from one or more motion
statements. The first and second programmed paths may be
controlled by one or more motion statements 1n a sequence of
instructions having multiple motion statements, for example.
A skilled artisan should understand that the first and second
portions 12, 14 may overlap, thus resulting 1n a likelihood of
robot collision absent the employment of an interference
avoldance method for controlling the motions of the first and
second robots 6, 8.

The first and second robots 6, 8 are controlled by at least
one controller 16, 18. In the embodiment shown in FI1G. 1, the
first robot 6 1s controlled by the first controller 16 and the
second robot 8 1s controlled by the second controller 18. The
at least one controller 16, 18 1s adapted for electrical commu-
nication with a source of electrical power (not shown). The
controller 16, 18 can execute the sequence of instructions,
such as a computer program, residing within the controller
16, 18. In other embodiments, the sequence of instructions
may reside on a computer-readable medium or memory in
communication with the controller 16, 18.

The robotic system 2 may further include other compo-
nents known 1n the art, such as at least one of network media
(not shown) configured to connect the various system com-
ponents, a programmable logic device (not shown), and a
teaching device 20 1n electrical communication with the at
least one controller 16, 18. In a particular embodiment, the
teaching device 20 may include a monitor and 1s configured to
graphically represent the first robot 6, the second robot 8, the
first portion 12 of the common space 10, and the second
portion 14 of the common space 10 for viewing by an operator
of the robotic system 2, as desired. The teaching device 20
may include means for iitiating a sequence of instructions to
10g the robot.

An exemplary sequence of instructions according to the
present disclosure 1s shown in FIG. 2. The sequence of
instructions includes an interference check automatic zone
method 200. The mterference check automatic zone method
200 first includes an 1nitial step 202 of providing the at least
one common space 10 within the workcell 4. The 1nitial step
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202 1s followed by a first determination step 204 and a second
determination step 206. The first determination step 204
includes determiming the first portion 12 of the common space
10 that 1s occupied during the movement of the first robot 6
along the first programmed path. The second determination
step 206 includes determining the second portion 14 of the
common space 10 that 1s occupied during the movement of
the second robot 8 along the second programmed path. It
should be appreciated that the first and second portions 12, 14
may be determined automatically, 1.e., without necessitating a
user speciiied zone of operation for each robot, as 1s known in
the art. The first portion 12 and the second portion 14 are then
compared 1n a comparison step 208 to determine 11 an overlap
210 exists therebetween.

As a nonlimiting example, the first and second determina-
tion steps 204, 206 may be conducted in substantially real
time during an 1nitial operation of the robotic system 2 with
the first and second robots 6, 8. The 1mitial operation may be
conducted with the first and second robots 6, 8 1n a lockdown
mode to avoid any potential collisions thereof. In another
example, the first and second determination steps 204, 206
may be conducted by performing oftline runs of the first and
second programmed paths, for example, to 1dentity the first
and second portions 12, 14 of the common space 10 that may
be occupied by the robots 6, 8 during the real time operation.
The first and second portions 12, 14 identified during the first
and second determination steps 204, 206 may further be
retained on the memory, for example, and reused during
subsequent operations of the first and second robots 6, 8. It
should be understood that the programmed paths or trajecto-
rics of the robots’ motion 1s thereby pre-processed and
reserved to militate against a collision thereof.

First and second movement steps 212, 214 for the first and
second robots 6, 8 are selected 1n response to the existence of
the overlap 210. I1 there 1s the overlap 210 between the first
portion 12 and the second portion 14, collision of the robots 6,
8 1s deemed likely and the first movement step 212 1s selected.
The first movement step 212 includes moving only one of the
first robot 6 along the first programmed path and the second
robot 8 along the second programmed path. If there 1s no
overlap 210 between the first portion 12 and the second por-
tion 14, collision of the robots 6, 8 1s deemed unlikely and the
second movement step 214 1s selected. The second movement
step 214 includes moving the first robot 6 along the first
programmed path and moving the second robot 8 along the
second programmed path.

The first and second determination steps 204, 206 may be
conducted by any means known 1n the art. In one particular
embodiment according to the present disclosure, the first and
second determination steps 204, 206 may include the step of
representing at least one of the common space 10, the first
portion 12, and the second portion 14 with at least one voxel
model 300 having at least one voxel 302, such as 1s illustra-
tively shown 1n FIGS. 3 to 6. The voxels 302 are volume
clements that represent value on a regular grid 1 a three
dimensional space. The comparison step 208 may include the
step of determining whether the overlap 210 exists between a
first voxel model 300 representing the first portion 12 and a
second voxel model 300 representing the second portion 14,
for example. The voxel model 300 1s generally represented by
the plurality of voxels 302 that approximate a shape of various
components, such as a base, an arm, and a tool, of the first and
second robots 6, 8.

With reference to FIGS. 3 and 4, an 1llustrative voxel model
300 may include a plurality of voxels disposed at coordinates
along an X-axis, a Y-axis, and a Z-axis. The voxel model 300
1s configured to depict a three dimensional volume of the
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common space 10 that 1s occupied by at least one of the first
robot 6 and the second robot 8. The voxel model 300 may be
in the form of a data file generated and saved to the controller
16, 18 or to another computer readable medium or memory,
for example. In certain embodiments the voxel model 300 1s
dynamic and includes a plurality of voxel models 300 asso-
ciated with a sequence of the robotic movements. The
dynamic voxel model 300 may be employed to depict the
three dimensional volume of the common space 10 that 1s
occupied during the movements of at least one of the first
robot 6 and the second robot 8. Fach automatic zone 1s
derived from accumulation/superimposition of multiple
snapshots of voxel models 300, each snapshot 1s taken at one
or more I'TP intervals.

Referring now to FIGS. S to 6, the voxel models 300 of the
first and second robots 6, 8, may include at least one a vox-
clized sphere 500 and a voxelized cylinder 502 to represent
the three dimensional volume occupied by the first and sec-
ond robots 6, 8. As described further herein, the voxelized
spheres 500 and the voxelized cylinders 502 may represent
the various components, such as a base and an arm, of the first
and second robots 6, 8. The voxelized spheres and cylinders
500, 502 generally include the plurality of voxels 302 dis-
posed relative one another to approximate the general shapes
and boundaries of the first and second robots 6, 8.

One of ordinary skill in the art should understand that the
voxelized spheres 500 and cylinders 502 may be generated by
any suitable means. For example, the voxelized sphere may
500 may be approximated by first projecting an exemplary
sphere representative of the robot 6, 8 components onto an
X-Y plane. A smallest cylinder “A” that encloses the sphere 1s
then 1dentified. The same sphere 1s then projected onto a Y-Z
plane and the smallest cylinder “B” that encloses the sphere 1s
identified. The same sphere 1s then projected onto a Z-X
plane, and the smallest cylinder “C” that encloses the sphere
1s 1dentified. The voxelized sphere 500 1s then approximated
by i1dentifying the intersections of the “A”, “B”, and “C”
cylinders.

In another embodiment, the voxelized sphere 500 may be
approximated by first finding a smallest box that encloses a
sphere representative of the robot 6, 8 component. The box
has a volume occupation “A”. The voxel volume occupation
“B” that 1s 1nside the box “A” and outside the sphere 1s then
identified. The voxelized sphere 500 1s then approximated by
subtracting the volume “B” from the volume “A”.

The voxelized sphere 500 may alternatively be approxi-
mated by 1identifying an intersection of the exemplary sphere
and the X-Y plane. The intersection includes the center of the
sphere along the 7 axis and forms an intersected circular plate
“A1”. The circular plane “A1” 1s assigned an arbitrary height
and the voxel occupation of the intersected circular plate “A1”
1s subsequently identified. Further circular plates “A2”,
“A3” .. .“Am)”, are located by shifting the intersection of the
exemplary sphere and the X-Y plane along the Z axis, and the
volume occupations thereof are likewise 1dentified. The vox-
clized sphere 500 1s then approximated by integrating each of
the voxel occupations 1dentified for the circular plates of the
exemplary sphere.

The voxelized cylinder 502 may be approximated by 1den-
tifying a leit hemisphere/whole sphere voxel occupation “A”,
identifying a right hemisphere/whole sphere voxel occupa-
tion “B”, and identifying a voxel occupation “C” of multiple
circular plates between the leit and the right hemispheres. A
base circular plate which 1s perpendicular to a base line 1s then
created. The base line connects the two hemispheres at the
ends of the cylinder. Subsequent circular planes can be
derived by shifting the base circular plate along a Z axis.
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Alternatively, a voxel occupation of the base line may be
calculated, and the base line subsequently shifted to fill the
entire area between the two hemispheres. The voxelized cyl-
inder 502 1s subsequently approximated by integrating each
of the “A”, “B”, and “C” voxel occupations.

An alternative method for approximating the voxelized
cylinder 502 includes first identifying a smallest box that may
enclose an exemplary cylinder representative of the robot
component. The box has a volume occupation “A”. A voxel
volume occupation “B” that 1s inside the box and outside the
cylinder 1s then identified. The voxelized cylinder 502 is
subsequently approximated by subtracting the voxel occupa-
tion “B” from the voxel volume occupation “A”. One of
ordinary skill 1n the art should understand that other means
suitable for approximating the voxelized spheres 500 and
cylinders 502 representative of the robot 6, 8 components
may be employed as desired.

Voxelization may also be determined similarly from any
arbitrary CAD surface or volume which can represent the
robot, arm dressout, and tooling.

Voxelization 1s a very eflicient method of representing the
space occupied by a robot motion segment. The voxelization
process has some computational overhead to create the vox-
clized space, but the run-time component 1s very ellicient.
Once a space 1s voxelized, the maximum storage requirement
ol a voxelized space 1s fixed, no matter how complex or how
much of the common space 1s occupied by the robot during
the motion path. The run-time checking for interference
between voxelized spaces 1s very etficient. Although the pre-
terred embodiment provides for the interference check auto-
matic zones to be represented by voxelized regions, any
method of volumetric or surface representation of the space
occupied by a robot during a motion path can be used.

Further embodiments avoid collision during programmed
motion, motion 1mtiated by jogging, or motion 1nitiated by
other means. They also protect a moving robot from colliding
with a stationary robot or with other fixed objects or other
defined regions in the workcell. For programmed motion the
voxelization process, or other interference check automatic
zone modeling process, can take place during offline or dur-
ing a test run and the voxelized data efficiently stored for later
retrieval. This process can also occur real-time as a new
motion path 1s determined as from a new program, robot
jogging, or from motion initiated by other means. For these
cases the sequence of instructions may be determined by use
of a teaching device or by the other means which imitiates the
motion. The actual motion is not allowed to commence until
the process 1s completed and no interference with this inter-
terence check automatic zone and other occupied interfer-
ence check automatic zones.

In further embodiments, at least one of the first portion 12
and the second portion 14 of the common space 10 may
include a tooling space and dressout assembly (e.g. ArcTool
wire feeder) occupied by a tooling attached to at least one of
the first robot 6 and the second robot 8. The step of determin-
ing the overlap 210 also may include comparing at least one
of the first portion 12 and the second portion 14 with a third
portion of the common space 10 that occupied by a non-robot
obstacle (not shown). The obstacle can be manually specified
by a set of parameters used to define the size, shape, and
location of the common space 10, as desired. In another
example, the method 200 may further include the step of
determining the third portion of the common space 10 occu-
pied by the obstacle. It should be understood that the third
portion of the common space occupied by the non-robot
obstacle may also be represented by voxels 302 1n a similar
voxel model 300, as desired.
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The method 200 of the present disclosure may further
include the step of determining an unoccupied portion of the
common space 10 after at least one of the first robot 6 has
moved along the first programmed path and the second robot
8 has moved along the second programmed path. The unoc-
cupied portion of the common space 10 may then be released
for use by another robot following a further programmed path
or trajectory, as desired. In a further embodiment, the method
200 may include the step of transterring the coordinates of the
first portion 12 and the second portion 14 of the common
space 10 to the at least one controller 16, 18 for further use
according to the method 200 of the present disclosure. The
controller 16, 18 may then be employed to conduct at least
one of the first and second determination steps 204, 206 as
described herein, and convert the coordinates into the voxel
models 300 representative of the first and second portions 12,
14.

A skilled artisan should appreciate that, upon determining
whether the overlap exists between the first and second por-
tions 12, 14 of the common space 10, the respective move-
ments of the first robot 6 and the second robot 8 may deter-
mined by priority values. As a nonlimiting example, the
priority values of the first and second robots 6, 8 may be based
on a first-in-first-out system. In another example, one of the
first and second robots 6, 8 may always have a higher priority
value than the other of the first and second robots 6, 8. The
higher priority value may be based on a predetermined user
setting for priority of the robots 6, 8 in the robotic system 2. In
a Turther example, the priority values may be selected based
on the availability of unoccupied portions within the common
space 10. A skilled artisan may assign the desired priority
values to the first and second robots 6, 8, as desired.

In a further embodiment, the method 200 further includes
the step of analyzing the plurality of programmed paths for
the existence of the overlap 210 that may result 1n a deadlock
condition. An operating sequence of the plurality of pro-
grammed paths may subsequently be adjusted, as desired, to
militate against the occurrence of the deadlock condition. The
operating sequence may be adjusted manually or automati-
cally, for example, based on priority values, as desired.

It should be appreciated that the interference check auto-
matic zone system 2 and method 200 of the present disclosure
advantageously provides a competitive advantage over con-
ventional multi-arm robotic systems. The system 2 and
method 200 provides a three dimensional and real time col-
lision avoidance. The system 2 requires minimal programs-
ming because the system 2 militates against the need of speci-
tying or teaching interference zones. Production down-time
1s also thereby reduced.

One of ordinary skill in the art should also appreciate that
the employment of voxelized spheres 300 and cylinders 502
mimmizes processing requirements typically associated with
generation of robotic models. Movements of the first and
second robots 6, 8 are communicated to the system 2 1in
advance, for example, by offline generation of the voxel mod-
cls 300. Likewise, programmed paths or trajectories of the
first and second robots 6, 8 are reserved without collision. A
process path 1s a sequence of motions during which an appli-
cation process, such as cutting, welding, grinding, routing,
painting, dispensing, or another similar processes takes place.
It 1s generally important that once a process path 1s started the
entire process path be completed without interruption. It
should also be appreciated that critical process paths of the
first and second robots 6, 8 are likewise protected according to
the present method 200.

The system 2 supports multiple robot arm collision avoid-
ance within the same controller 16, 18 and across multiple
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controllers 16, 18, as desired. The system 2 and method 200
turther provides for a simplified robot configuration and mili-
tates against the need for an I/O handshaking protocol, as 1s
conducted with certain prior art systems and methods. The
interference check automatic zone system 2 and method 200
simplifies the configuration of multiple arm interference
checks and militates against multiple robot arm deadlock.

Interference prevention and deadlock prevention are
closely related. Interference occurs when two robots attempt
to occupy the same physical space. One method of interfer-
ence prevention involves checking the space that 1s or will be
occupied 1n the current motion command by all robots and
stopping one or more robots before the interference occurs.
This type of interference prevention has the major disadvan-
tage that 1t 1s very prone to deadlock when one or more of the
stopped robots currently occupies the space that 1s or will be
needed by another robot and the stopped robot cannot pro-
ceed because 1t continues to be blocked by another robot.

Another method of interference prevention 1s to set up
interference zones manually by programmatically inserting
enter and exit zone commands 1n the robot programs. These
commands would provide communication with a PLC or
other robots to facilitate allowing only one robot arm to
occupy a specified zone at one time. For a single zone there 1s
little concern. The primary 1ssue would be one of priority;
who would get the zone first 1f multiple robots are waiting on
it when 1t becomes available. However, for multiple zones, 1t
1s very easy for deadlock to occur. For instance, it 1s easy to
see for neighboring zones 1f each robot currently occupies
one zone and the next motion 1s inside the zone occupied by
the other robot. In this case each robot will wait forever for the
other robot to give up the desired zone. A deadlock condition
will occur.

The system and method according to this invention elimi-
nates the deadlock condition 1n the above cases by determin-
ing the deadlock-1ree motion statements prior to execution of
the motions that have potential deadlock conditions. This
determination of deadlock-free motion statements can be
done offline, outside normal execution, or it can be done
during normal production execution. If there 1s suificient
CPU processing time available, the determination during nor-
mal production execution provides the most flexibility to
respond to dynamic conditions such as changes in I/O timing
or the timing of external events or sequences. For minimal
CPU impact the determination 1s done offline where many
permutations ol programming sequences can be analyzed and
an optimized sequence of execution may be found.

The system and method according to the invention does not
require a previously known deadlock-iree sequence. The sys-
tem and method will automatically determine the potential
deadlock conditions and 1dentily a way to avoid these condi-
tions. The system and method does not require priority values
to prevent deadlock. The system and method prevents inter-
ference conditions and at the same time prevents the possi-
bility of deadlock conditions to exist.

There 1s shown 1n FIG. 7 a “Deadlock Free Matrix™ 400 of
line numbers for an “Original Program A” listing 401 to be
run by a first robot and an “Original Program B” listing 403 to
be run by a second robot. Shaded cells in the matrix 400
represent an ascending convex hull defining a deadlock free
region. A majority of the shaded cells represent program line
pairs that have interference during travel on a path from line
“1—1”" to line *1” of one program and line “j—1” to line *“4” 1n
the other program. The remaining cells are required to com-
plete the ascending convex hull. The cells 1n the matrix 400
can be designated in a form (1, 1) where “1” 1s the program “A”
line number and “4” 1s the program “B” line number. Thus, the
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interference cells are (3,6;3.7;4,5;4,6;,4,7;5,4;5,5,5,6;35,7)
and the remaining cells are (3,4; 3,5; 4,4).

For example, 1f program “A” 1s on line 3 and Program “B”
1s on line 5 then a deadlock condition exists because 11 “A”
tries to move to line 4 there will be interference with “B” on
line 5 and 1f “B” tries to move to line 6 then there will be
interference with “A” on line 3. Theretore, neither robot can
proceed. By completing the deadlock zone from “A” lines 3 to
S and “B” lines 4 to 7, only one program, “A” or “B”, can
occupy this zone at a time. This 1s 1dentified as Zone[1] in the
example programs shown as “New Program A” listing 402
and “New Program B” listing 404.

FIG. 8 shows an example wherein an “Interference Matrix™
405 can be subdivided into three deadlock free zones: Zone
[1]; Zone[2]; and Zone [3]. The interference cells are (3,3;
3.4;3,5;3,6; 3,7, 4,5, 4,6; 4,7; 5,4; 5,5, 3,6, 5,7, 6,6; 6,7).
Zone[1] includes the cells (3,3; 3,4; 3,3; 3,6; 3,7), Zone|[2]
includes the cells (4,3; 4,6; 4,7, 5.,4; 5,5; 5,6; 3,7), and Zone
[3] includes the cells (6,6; 6,7). An ascending convex hull 1s
created through the cell (4, 4), being a virtual interference,
such that the three convex hulls can be created and the total
area 1s convex 1n an ascending manner. The three zones are
then incorporated in “New Program A” listing 406 and “New
Program B” listing 407. There 1s no case where in any inter-
terence free line pair combination that at least one program
can advance to the next line without interference.

FIG. 9 shows an example of a pair of programs that have
multiple interference regions and two deadlock regions where
deadlock can exist. A “Program A” traces a path 409 from line
3 to line 13. A “Program B” 410 traces a path from line 9 to
line 21. The programs have a first deadlock region 412 and a
second deadlock region 411 as shown 1n the paths and 1n a
Table 413. A simple method of making a single deadlock
region 1s to combine all interference regions and intermediate
non-interference regions 1nto a single region as shown in
Table 414 which region will by nature be deadlock free.

FIG. 10 shows five sequences of the robots 6, 8 running
“Program A” and “Program B” respectively. In the first
sequence at the far left, the robot 6 runs the “Program A”
without the robot 8 moving. In the next sequence to the right,
the robot 8 runs the “Program B” without the robot 6 moving.
In the middle sequence, the robots 6, 8 run the respective
programs concurrently and collision occurs. The next
sequence to the right shows the robots 6, 8 running the respec-
tive programs concurrently with a prior art interference avoid-
ance feature that causes deadlock. The sequence on the far
right shows the robots 6, 8 running the respective programs
concurrently with deadlock prevention according to the
invention such that both programs are completed without
interference.

The system and method described above will automati-
cally add and/or modily program statements to both prevent
collisions and manage through potential deadlocks. In some
cases, the automatic wait command that 1s 1ssued may cause
the overall cycle time to increase for a given job. Where
increased cycle time 1s not acceptable, system and method
according to the mvention can recommend or automatically
create re-sequenced paths that will enable the robots to run
through the programs without stopping. In other words, i
there 1s a portion of the paths where two robots will occupy
the same space at the same time, the system and method
would automatically recommend a new path sequence (1mag-
ine welding the spots in a different order) so that this condi-
tion 1s eliminated. This feature of re-sequencing the program
instructions has potential for use for paintshop applications.

If conditional execution statements occur in the program
then the analysis may include all combinations of sequential
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execution. Or, for stmplicity, the program segments included
in the conditional branch regions could be treated as indepen-
dent. Typically, the robot programmer will teach such condi-
tional regions so the entry and exit paths to the region do not
have interference with other robots and so the independent
treatment can be practical. However, 11 the entry or exit paths
to the conditional regions have interference with other robots
then the multiple combinations of the conditional and non-
conditional regions should be analyzed to guarantee no inter-
terence and no deadlock.

One of the advantages of this method 1s that the same
mechanism that can eliminate deadlock conditions can also
climinate interference during normal program motion. So, the
real-time checking of robot-robot interference can be elimi-
nated during normal program motion. This can save signifi-
cant CPU utilization allowing processing time to be used for
other purposes such as a faster interpolation rate or shorter
interpolation time. During error conditions or when the pro-
gram 1s not running, a reduced CPU usage of interference
checking, such as proposed in the co-pending U.S. patent
application Ser. No. 12/124,430, titled “Multi-Arm Robot
System Interference Check Via Three Dimensional Auto-
matic Zones”, could be used to prevent interference.

The space occupied by a program can be a function of
physical space, time, program sequence, line number, per-
centage of completion of program or line, or state change
related to robot, program, or system. The interference region
and the deadlock region are correlated by the same function
which defines the occupied space.

The manner to avoid deadlock can be handled 1n a number
of ways. The easiest way 1s to expand the interference regions
such that they prevent deadlock as well as interference as
shown in FI1G. 9. Expanding the interference regions such that
there 1s only one interference region for the entire program
will guarantee the system 1s deadlock free, but if cycle time 1s
important some sort of sequence control and/or multiple
interference regions may be used. Another way 1s to provide
an execution sequence outside the interference regions such
that deadlock 1s prevented. This can be done simply by having
a first robot wait for a second robot to complete some portion
of a program execution where deadlock conditions might
exist before the first robot proceeds.

There are several ways the occupied space can be deter-
mined. The simplest way 1s that the occupied space 1s purely
the cumulative space occupied by a robot throughout the
program execution. When multiple robots have their occu-
pied space determined this way, then the interference region 1s
simply the space which 1s the intersection of the cumulative
occupied space for each robot. Allowing only one robot to
enter this space at a time will prevent both interference and
deadlock.

Another way 1s to determine the occupied space as a func-
tion of time. At each point 1n time there 1s a space occupied by
cach robot. By representing the occupied space as the inte-
gration ol time over a specified interval the occupied space
can be represented as a series of discrete spaces correlated to
time. The interference regions are the intersections of the
robots at the same time or time interval. Interference can be
avoided by allowing only one robot to be 1n an 1nterference
region at a time. As the relative time changes due to the
sequence control the time base must be adjusted to correlate
the new time after the sequence control has been applied.

For the above time based method, the time may be repre-
sented as a time interval number. This way the total elapsed
time becomes less important and the interference region can
be represented as the matrix of interval numbers. If there 1s an
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interference at a specific iterval state, then that state must not
be allowed to occur because a collision can happen in that
interval state.

Similarly, the program sequence can be represented as line
numbers, percentage of completion, program state, etc. For
any such sequential representation there can be a defined
representation of interference as a function of the chosen
parameter. The objective to avoid interference 1s to avoid the
states of the collection of functions where interference exists.
For functions that can be represented as sequential discrete
intervals or sequential states this can be represented as an
interference matrix as shown in FIG. 8. The interference
matrix contains the iterference region. Of course, a matrix 1s
only one way of representing the data, but the matrix can be a
more visual representation. Generally the matrix 1s sparce, so
any sparce matrix technique would also apply to the repre-
sentation.

State definition, such as I/0 states or process or other states
can be used to define the regions. As long as the states have
sequential meaning or can be defined to represent sequential
activity associated with robot position and occupied space
they can be used for the parametric representation of the
interference and deadlock regions.

Once the interference matrix has been determined, one
method of deadlock prevention is to avoid any “trap” of the
monotonic increasing of sequence number where interfer-
ence would block forward sequencing. By making the inter-
ference matrix ascendingly convex, both deadlock and inter-
ference are avoided. This ascendingly convex interference
matrix can be termed the deadlock matrix. The deadlock
matrix contains the deadlock region as shown in FIG. 7. Like
the interference, the deadlock matrix 1s only one way of
representing the data.

There are many means to avoid deadlock and interference
once the deadlock matrix has been determined. The simplest
means 1s to 1nsert instructions 1n the program to adjust execu-
tion timing so the deadlock region of the deadlock matrix 1s
avolded. Adding instructions to the program has the advan-
tage that the precise nature of the execution timing can be
determined by simply viewing the program. Other means
allow the timing to be determined outside actual program
modification.

The parametric definition of interference and deadlock
regions provides a general method to avoid interference and
deadlock. This representation of the regions allows various
program control by various factors.

Also, to reduce CPU utilization, the actual programs can be
updated to include zone and sequence information so all the
necessary mformation to avoid deadlock conditions 1s con-
tained 1n the programs. This eliminates the need for real-time
checking of the program sequences, interferences, and poten-
tial deadlock conditions.

FIG. 11 1s a flow diagram of a deadlock avoidance
sequence according to the system and method of the mven-
tion. In a step 420, the programs are taught to the robot
controllers 16, 18. In a step 421, an occupied space 1s deter-
mined. Then, iterference regions are determined 1n a step
422. Potential deadlock regions are determined 1n a step 423.
In a step 424, program execution requirements to avoid dead-
lock are determined. Finally, a mechanism to avoid deadlock,
as described above, 1s provided 1n a step 425.

The step 423 1s shown 1n more detail 1n FIG. 12. In a step
426, there are 1dentified the occupied space and all interfer-
ence regions. In a step 427, each interference region combi-
nation 1s examined. A check for “Does deadlock condition
ex1st” 1s made 1n a decision step 428. I the outcome 1s “NO”,
the step 423 1s finished 1n a step 429. If the outcome 1s “YES”,
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a step 430 provides a means to prevent deadlock from occur-
ring and the method returns to the step 427.

While certain representative embodiments and details have
been shown for purposes of illustrating the invention, 1t waill
be apparent to those skilled in the art that various changes
may be made without departing from the scope of the disclo-
sure, which 1s further described 1n the following appended
claims.

What 1s claimed 1s:

1. A method for preventing deadlock of a pair of robots
which have a common workspace, each of the robots being
controlled by an associated program wherein when the pro-
grams are executed concurrently to generate normal program
motion each of the robots occupies at least a portion of the
common workspace during a portion of execution of the
associated program, said method comprising the steps of:

prior to the normal program motion, determining portions

of the common workspace occupied by the robots by
initial operation 1n a lockdown mode or an offline run
according to the programs including representing the
occupied portions of the common workspace with voxel
models:

determining at least one interference region wherein the

portions of the common workspace occupied by the
robots overlap by comparing the voxel models to deter-
mine the at least one interference region;

analyzing the at least one interference region and determin-

ing where at least one deadlock condition of the two
robots can occur; and

avolding the at least one deadlock condition during execu-

tion of the programs 1n the normal program motion by
automatically determining a mechanism to avoid the at
least one deadlock condition and associating the mecha-
nism with at least one of the programs before execution
of the programs in the normal program motion.

2. The method according to claim 1 wherein the mecha-
nism 1s at least one deadlock-iree motion statement.

3. The method according to claim 2 wherein the at least one
deadlock-ree motion statement 1s associated by adding to at
least one of the programs.

4. The method according to claim 2 wherein the at least one
deadlock-free motion statement 1s associated by modifying at
least one 1nstruction 1n at least one of the programs.

5. The method according to claim 2 wherein the at least one
deadlock-1ree motion statement 1s associated by re-sequenc-
ing instructions 1n at least one of the programs.

6. The method according to claim 2 wherein the at least one
deadlock-free motion statement 1s associated by adding a
wait command to at least one of the programs.

7. A non-transitory computer readable media containing,
instructions executable by a computer to perform a method
for preventing deadlock of a pair of robots which have a
common workspace, each of the robots being controlled by an
associated program wherein when the programs are executed
concurrently to generate normal program motion each of the
robots occupies at least a portion of the common workspace
during a portion of execution of the associated program, the
method comprising:

prior to the normal program motion, the istructions deter-

mining portions of the common workspace occupied by
the robots by 1nitial operation in a lockdown mode or an
offline run according to the programs wherein the
istructions represent the occupied portions of the com-
mon workspace with voxel models;

the instructions determining at least one interference

region wherein the portions of the common workspace
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overlap by comparing the voxel models to determine the
at least one interference region;
the instructions analyzing the at least one interference
region and determining where at least one deadlock
condition of the two robots can occur; and
the mstructions avoiding the at least one deadlock condi-
tion during execution of the programs in the normal
program motion by automatically determining a mecha-
nism to avoid the at least one deadlock condition and
associating the mechamsm with at least one of the pro-
grams before execution of the programs in the normal
program motion.
8. The method according to claim 7 wherein the mecha-
nism 1ncludes at least one deadlock-iree motion statement.
9. The method according to claim 8 wherein the atleastone
deadlock-Iree motion statement 1s associated by adding to at
least one of the programs.
10. The method according to claim 8 wherein the at least

one deadlock-free motion statement 1s associated by modity-
ing at least one struction 1n at least one of the programs.

11. The method according to claim 8 wherein the at least
one deadlock-free motion statement 1s associated by re-se-
quencing instructions in at least one of the programs.

12. The method according to claim 8 wherein the at least
one deadlock-free motion statement 1s associated by adding a
wait command to at least one of the programs.
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13. A method for preventing deadlock of a plurality of
robots which have a common workspace, each of the robots
being controlled by an associated program wherein when the
programs are executed concurrently to generate normal pro-
gram motion each of the robots occupies at least a portion of
the common workspace during a portion of execution of the
associated program, said method comprising the steps of:

prior to the normal program motion, determining portions

of the common workspace occupied by the robots by
initial operation 1n a lockdown mode or an ofiline run

according to the programs including representing the
occupied portions of the common workspace with voxel
models;

determining at least one interference region wherein the
portions of the common workspace overlap for at least
two of the robots by comparing the voxel models to
determine the at least one interference region;

analyzing the at least one interference region and determin-
ing where at least one deadlock condition of the at least
two robots can occur; and

avoiding the at least one deadlock condition during execu-
tion of the programs in the normal program motion by
automatically determining at least one deadlock-free
motion statement and associating the statement with at
least one of the programs before execution of the pro-
grams 1n the normal program motion.
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